Plasmid vectors are versatile tools which facilitate the isolation, expression, and analysis of genes (2). Useful characteristics include the facile production of identical DNA for subsequent in vitro and in vivo manipulation, the presence of multiple cloning sites (MCS), selectable markers which allow rapid screening for new or improved traits, and the ease with which they can be established as multiple cellular copies to alter gene expression in recombinant hosts. However, the physiological burdens imposed by multiple copies of plasmid genes, potential for internal rearrangements, and segregational instability are disadvantages for many biotechnological applications (24).
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Antibiotic resistance genes are frequently used for plasmid maintenance. Alternative selectable markers based on metabolic deficiencies of the host (7) pose further complications for improvement cycles in production strains. For applications such as deliberate field release, development of organisms for use in food products, and development of biocatalysts for bulk chemicals, special requirements for plasmid maintenance are undesirable.
Many of the problems associated with plasmids can be eliminated by the chromosomal integration of desired traits. Integration tools based on modified transposons (8, 9, 22, 28) and conditional plasmid replicons (10, 15, 17, 20) have been developed. With these tools, integration can be random or precisely directed by DNA fragments homologous to the host genome. However, complications still remain with most integration systems, such as the persistence of selectable markers, transposons, or replicons. For strains in which multiple alterations or continuing improvements are desired, the accumulation of markers and delivery systems can be troublesome. Selectable events may be limited by the availability of functional markers. Integrated DNA (replicons, transposon genes, and selectable marker genes) can serve as a site for homologous recombination events which interfere with targeting or randomness during subsequent constructions. Also, the persistence of replicons and transposons increases the potential for gene transfer to other organisms in the environment.
Replicons and transposons can be eliminated by transformation with purified DNA fragments which lack replication functions (11, 23) . Nonantibiotic markers are available but are often less efficient than antibiotics (8, 9, 12) . In a few cases, loss of functions, such as tetracycline sensitivity (1) , and the absence of a sucrose-sacB system (15, 27) can be selected directly. However, loss of function due to a mutation is typically not a precise event and can result from unstable point mutations, partial deletion of the resistance gene, or extended deletions which impair the host.
Recombinase-based integration systems offer the opportunity to effect precise DNA deletions in vivo (3, 25) and in vitro (6, 11, 13, 32) . A novel integration system was initially developed by Szybalski (31) for chromosome walking which uses the flippase (FLP) recombinase and FRT site (68-bp recognition sequence) from the yeast 2m plasmid (30) . Recently, Posfai et al. (26) developed a new set of vectors and helper plasmids which are designed to facilitate this process. Using homologous DNA as a guide, insertion of an FRT site, antibiotic marker, and ultrarare restriction enzyme site can be targeted to any point on the Escherichia coli chromosome. Following two sequential insertions, large fragments of DNA bracketed by the FRT sites can be excised in vivo as a replicating plasmid (30 to 150 kbp) with the aid of a helper plasmid. After excision FIG. 1. Integration vectors and helper plasmids. Plasmids pLOI2223, pLOI2224, and pLOI2225 are integration vectors containing an R6K origin and can be replicated only in a host such as S17-1 which contains pir. Plasmids pLOI2226, pLOI2227, and pLOI2228 contain a temperature-conditional pSC101 replicon which functions at 30°C but not at 37 to 42°C. Plasmid pLOI2403 contains a high copy replicon with an MCS site bracketed by AscI sites. DNA fragments can be assembled in the pLOI2403 MCS and moved to any integration vector by using AscI.
Unique polylinker sites useful for the insertion of passenger DNA and homologous guide fragment are shown on the right side of each plasmid. Additional unique sites are also shown for the insertion of DNA which can be deleted at will after integration with the FLP recombinase. Plasmid pFT-A (ampicillin resistance) was constructed by Posfai et al. (26) and is used as a helper plasmid to express FLP recombinase. A similar plasmid expressing kanamycin resistance (pFT-K) was also constructed by Posfai et al. (26 with this system, one antibiotic marker and one conditional replicon still remain in the chromosome. We have modified the plasmids developed by Posfai et al. (26) by adding a second FRT site oriented in the same orientation, bracketing the MCS (Fig. 1 ). Constructions were performed by standard methods (29) . Reagents used in cloning were molecular biology grade and used as directed by the manufacturers. Restriction enzymes, T4 DNA polymerase, and Klenow polymerase were purchased from New England Biolabs (Beverly, Mass.). T4 DNA polymerase was used to produce blunt ends as necessary for cloning. Taq PCR MasterKit was purchased from Qiagen (Santa Clarita, Calif.). PCRs were carried out by using an Eppendorf Mastercycler (Brinkman Instrument Co., Westbury, N.Y.). Primers were obtained from Genosys Biotechnologies (The Woodlands, Tex.). PCR products were ligated into pCR2.1-TOPO (Invitrogen, Carlsbad, Calif.) with topoisomerase. DNA fragments were isolated from gels by using a QIAquick gel extraction kit. DNA fragments were assembled with a Rapid DNA ligation kit (Boehringer Mannheim Corporation, Indianapolis, Ind.). Wizard Plus kits (Promega, Madison, Wis.) were used for plasmid purification. Dideoxy sequencing of plasmids was performed by using fluorescent primers and a LI-COR model 4000L DNA sequencer (Li-Cor, Lincoln, Nebr.) as previously described (16) .
A full set of plasmids (ampicillin, chloramphenicol, and kanamycin resistance plasmids) was made for each conditional replicon (pSC101 and R6K) (Fig. 1 ). Since both conditional replicons are present at low copy numbers, an additional high copy vector was developed to facilitate constructions by adding an AscI site on either side of the MCS in pLITMUS 38 (New England Biolabs) to produce pLOI2403. AscI recognizes an infrequent sequence and produces a four-base overhang composed only of G and C residues. Using AscI, DNA cloned into the MCS region of pLOI2403 can be transferred from the high copy vector to any of the integration vectors which contain a unique AscI site between the FRT sites. Detailed protocols used in the construction of these plasmids are available upon request.
A general procedure for chromosomal integration of DNA with the new vectors with conditional replicons is presented in Fig. 2 . The integration of heterologous passenger DNA carrying desired functions can be targeted to any specific chromosomal site by an adjacent fragment of homologous DNA (guide) by using a two-step process (pSC101) or by direct selection at 37 to 42°C (pSC101 or R6K). With a single crossover event, the entire plasmid is incorporated into the chromosome. (If needed, pSC101-based integration vectors can be eliminated by overnight growth and plating at elevated temperatures.) After integration, recombinants are transformed with pFT-A containing the yeast FLP gene under control of the tetracycline promoter and grown under permissive conditions (30°C, pSC101). During growth with chlortetracycline, FLP recombinase is induced and in turn excises the DNA bracketed by concurrently facing FRT sites (selectable marker and replicon) from the chromosome. After growth at 37 to 42°C to eliminate pFT-A, only the passenger gene(s), a single FRT, and the homologous guide fragment should remain in the chromosome.
To illustrate the utility of these vectors, we have constructed derivatives of E. coli B (strain SE2272, ⌬frd) and E. coli K-12 (strain SE2275, ⌬frd) in which three heterologous genes were integrated immediately behind adhE in the chromosome. The guide and passenger DNA were cloned into pLOI2403, a high copy plasmid vector. For this construction, the promoterless adhE coding region (guide) was amplified with Genosys ORFmer primers (forward, 5ЈTTGCTCTTCCATGGCTGTT ACTAATGTCGCTGAA3Ј; reverse, 5ЈTTGCTCTTCGTTAA GCGGATTTTTTCGCTTTTTTCT3Ј) and cloned into pCR2.1-TOPO to produce pLOI2408. After EcoRI digestion, the 2.6-kbp adhE region from pLOI2408 was moved into the corresponding site in pLOI2403 to produce pLOI2413. The BamHI site immediately downstream from the 3Ј end of the adhE coding region was used to insert a 4.6-kbp BamHI fragment from pLOI510 (23) containing three genes (passenger): a promoterless Zymomonas mobilis pdc without transcriptional ter-FIG. 2. Use of double FRT integration vectors for the insertion of heterologous passenger genes into the chromosome. A guide fragment is ligated into the MCS of an integration vector to target homologous recombination with the chromosome. Since these vectors contain conditional replicons (pSC101 or R6K), integration into the chromosome can be directly selected by antibiotic resistance after transformation or electroporation. A helper plasmid is added to recombinants to express FLP recombinase under the control of the tetracycline promoter. Induction of FLP recombinase with autoclaved chlortetracycline results in precise deletion of DNA encoding the replicon and selectable marker flanked by FRT sites oriented in the same direction. A single FRT site, the passenger DNA, and the guide fragment remain in the chromosome. The helper plasmid with a temperature-conditional replicon can be readily eliminated from cells by growth at 37 to 42°C. Since genes used during construction are excised, the same selection procedure can be repeated in subsequent cycles to provide additional modifications or improvements of the same bacterium.
minator and a promoterless Z. mobilis adhB with transcriptional terminator, followed by a complete cat operon with promoter and terminator. In the resulting plasmid (pLOI2230), transcription of the heterologous genes was oriented concurrently with adhE. All constructs containing the Z. mobilis genes were grown in Luria broth (LB) supplemented with glucose (20 g/liter for plates, 50 g/liter for broth).
The 7.2-kbp AscI fragment from pLOI2230 (high copy vector) containing adhE, the artificial operon pdc adhB, and cat was ligated into the low copy integration vector pLOI2224, which contains an R6K replicon (pir dependent), and transformed into the permissive host S17-1 (8) with selection for kanamycin and chloramphenicol. The resulting clone containing pLOI2231 was used for large-scale plasmid isolation (500 ml) by the alkaline lysis procedure (29) .
Approximately 500 ng of pLOI2231 DNA was used for electroporation of SE2272 and SE2275. Both are nonpermissive hosts. Recombinants were readily obtained by selection for either kanamycin (vector) or chloramphenicol (passenger) resistance. Up to 2 h was allowed for expression of the resistance gene prior to spreading on plates for selection. Approximately 1,000 recombinants per 1 g of DNA (electroporation) were recovered with E. coli K-12 SE2275, a number fivefold higher than that obtained with E. coli B SE2272. Thirty recombinants from each host were screened for the functional expression of alcohol dehydrogenase on indicator plates (5) . Based on the rate and intensity of color development, these recombinants expressed higher levels of alcohol dehydrogenase activity than the respective unmodified SE2272 or SE2275 or S17-1 (pLOI2231) harboring promoterless pdc and adhB genes. Unlike the control strains, these recombinants also exhibited a colonial phenotype (large raised colonies on LB containing glucose) that is typical for ethanologenic E. coli (14) . Smallscale DNA preparations (seven recombinants per host) were tested for the presence of pLOI2231. None contained plasmids, as tested by gel filtration or based on transformation experiments with S17-1 as the host. These recombinants were presumed to contain chromosomally integrated genes. One clone from each parent, strains FM7 (E. coli B SE2272) and FM19 (E. coli K-12 SE2275), was selected for further study.
Strains FM7 and FM19 were transformed with the helper plasmid (pFT-A) carrying the FLP gene (26) and incubated at 30°C with selection for ampicillin resistance. A mixture of colonies was used to inoculate a broth culture for induction of FLP with autoclaved chlortetracycline (20 g/ml). After 6 h of incubation at 30°C, the culture was diluted 1:1,000 in LB containing glucose and incubated at 42°C for 16 h to eliminate the helper plasmid. After streaking on solid medium, isolated colonies were screened for the absence of antibiotic markers. Approximately 80% of the colonies were ampicillin and kanamycin sensitive and retained only chloramphenicol resistance and the ethanologenic traits (passenger genes inserted into the MCS). Loss of ampicillin resistance indicated that the helper plasmid had been successfully eliminated while loss of kanamycin resistance confirmed the FLP recombinase-dependent deletion of the vector. These new derivatives of FM7 and FM19 were designated FM18 and FM20, respectively.
PCR was used to verify the integration events in both FM18 and FM20. Two new sets of primers were designed to amplify the adhE gene, including the unique junctions predicted for pdc (Fig. 3, primers 3 and 4) and cat (Fig. 3, primers 5 and 6 ) as a result of integration and FLP-mediated deletion. Forward primer 3 hybridizes to the promoter region of adhE, while reverse primer 4 hybridizes to the N-terminal coding region of pdc. Forward primer 5 hybridizes to the C-terminal coding region of the cat gene, and reverse primer 6 hybridizes to the 3Ј untranslated portion of the adhE gene. Note that the primers used to clone adhE, forward primer 1 and reverse primer 2, hybridize to the N-terminal and C-terminal coding regions of adhE and are inside of the regions encoded by forward primer 3 and reverse primer 6. All primer sets (SE2272 template, 1 plus 2 and 3 plus 6; FM18 template, 3 plus 4 and 5 plus 6) generated products of the expected sizes (Fig. 4A) . Identical results were also obtained with FM20 DNA as the template.
The adhE gene contains a single central BstEII site which does not occur elsewhere in the PCR products. This site was used to verify the identity of the PCR fragments. As shown in Fig. 4B , all PCR products were cut once to produce fragments containing the N-terminal and C-terminal regions of adhE. Fragments from the adhE coding region alone (primers 1 plus 2) were smaller (N-terminal fragment ϭ 1,226 bp; C-terminal fragment ϭ 1,470 bp) than fragments which included parts of the native adhE promoter (primers 3 plus 4 and 3 plus 6; N-terminal fragment ϭ 1,325 bp) or adhE terminator (primers 3 plus 6 and 5 plus 6; C-terminal fragment ϭ 1,489 bp). The fragment which included part of pdc (primers 3 plus 4) was the largest C-terminal fragment (1,783 bp). The fragment which included part of cat (primers 5 plus 6) was the largest Nterminal fragment (1,988 bp) .
The expression of adhE is regulated by a number of factors in E. coli, including cra, adhR, and the abundance of NADH (18, 19, 21) . Both message levels and activity are approximately 10-fold higher during anaerobic growth with glucose than during aerobic growth. Since the Z. mobilis genes are integrated behind the adhE coding region to form an operon fusion, expression of pdc should also increase in response to anaerobiosis. Strains FM18 and FM20 were grown in LB containing 50 g of glucose/liter under aerobic and anaerobic conditions. Pyruvate decarboxylase (PDC) activities were determined in heat-treated preparations to eliminate lactate dehydrogenase and other confounding activities (4) . Under anaerobic conditions, PDC activities in FM18 and FM20 were 0.254 U per mg of protein and 0.185 U per mg of protein, respectively, levels approximately fourfold higher than the activities observed in cells grown under aerobic conditions. Although these differences in pdc expression were somewhat smaller than the 10-fold reported for native adhE, expression may be modulated by a reduction in NADH, due to concurrent expression of Z. mobilis adhB and availability of acetaldehyde from the PDCmediated decarboxylation of pyruvate.
The stability of integrated strains was also examined by serial transfers (1,000-fold dilution) in rich medium lacking antibiotics. After 10 sequential transfers, all 100 colonies tested retained both alcohol dehydrogenase expression and chloramphenicol resistance.
Our results with the ethanol pathway genes demonstrate that the new integration vectors can be used to place promoterless genes under the control of a chromosomal promoter. This approach avoids potential problems of lethality or mutation due to unregulated expression in plasmids during construction and integration. These vectors can also be used to replace promoters in chromosomal genes. Additional unique restriction sites are available for the insertion of genes which can be temporarily expressed after integration and subsequently deleted with the replicon and selectable marker. This option, the temporary introduction of new genes, may be use- ful to test new traits in an isogenic background. Although the vectors described must be propagated in E. coli, they are potentially useful with other organisms. The FLP recombinase is extremely efficient (32) and could be produced intracellularly as a transient expression product after transformation or electroporation of pFT-A.
Nucleotide sequence accession numbers. Complete sequences for each plasmid have been deposited in GenBank with the following accession no.: AF172933 (pLOI2223), AF172934 (pLOI2224), AF172935 (pLOI2225), AF172936 (pLOI2226), AF172937 (pLOI2227), and AF172938 (pLOI2228).
